Aortic and inferior vena caval balloons were used to alter mean arterial blood pressure, pulse pressure (PP), and right atrial pressure (RAP) in unanesthetized rabbits and to reflexly evoke changes in heart period (pulse interval). Curves relating mean arterial blood pressure to heart period were compared in different groups of rabbits at similar APP and ARAP. Median blood pressure (BP 00 ), average gain (G), and heart period range (maximum to minimum heart period) were calculated from the S-shaped curves. The reflex was evoked from arterial baroreceptors and probably from cardiac and pulmonary baroreceptors. Curves relating mean arterial blood pressure and heart period differed with regard to BP S0 and G in sham-operated, thalamic, and pontine rabbits, indicating that suprabulbar centers normally play a role in the reflex. Curves from sham-operated and pontine rabbits treated with atropine also differed, suggesting suprabulbar control of sympathetic effectors. In intact rabbits, forebrain and diencephalic centers caused vagal and sympathetic effectors to respond over the same arterial blood pressure range, but, in pontine rabbits, the effectors responded over dissimilar ranges. In intact rabbits, changes in mean arterial blood pressure evoked reciprocal and nearly equal changes in vagal and sympathetic effectors, but, in pontine rabbits, a given pressure change altered heart period predominantly through one effector. In sham-operated rabbits, vagal effects on heart period were lower by a constant amount at every level of mean arterial blood pressure than they were in pontine rabbits, suggesting that suprabulbar centers exerted a tonic inhibitory effect on vagal motoneurons not involved in the reflex.
• Electrical stimulation of several sites in the hypothalamus and the forebrain can alter the size of reflex responses evoked from the carotid sinus baroreceptors (1) (2) (3) . However, it is not certain which physiological stimuli activate the higher centers or whether these centers normally participate in baroreceptor reflexes. Manning (4) has proposed that an
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ascending sensory projection from the arterial baroreceptors activates hypothalamic motoneurons during the reflex tachycardia evoked by carotid occlusion. Other experiments have shown that carotid sinus reflex blood pressure and heart rate responses are altered by decerebration and by the production of specific hypothalamic lesions (2, 5, 6) , and, thus, these experiments provide further support for activation of suprabulbar mechanisms during baroreceptor stimulation. On the other hand, Wang and Chai (7), using similar anesthesia and the same species (cat), have found that, when the vagal afferent input is eliminated, there is little difference in the magnitude of carotid baroreceptor reflex responses as a result of bulbar lesions and decerebration. They, therefore, concluded that the reflexes are mediated mainly through the pontomedullary cardiovascular centers. All of the experiments cited above were performed under anesthesia, which depresses the higher centers and might alter the normal pattern of cardiovascular control (8) .
The purpose of this study was to investigate the role of higher autonomic mechanisms in the baroreceptor reflex responses of un anesthetized animals. We used aortic and vena caval balloons to alter arterial blood pressure and atrial pressure in conscious rabbits. Since the circulation is a closed hydraulic loop, inflation of either balloon changes pressures in all the various circulatory regions (9) and alters afferent inputs to the central nervous system from several groups of circulatory baroreceptors. Accordingly, we constructed stimulus-response curves relating the pressure changes to the reflex effects on heart period (pulse interval). We assessed the role of suprabulbar and bulbar mechanisms by comparing stimulus-response curves in sham-operated, thalamic, and pontine preparations, and we also examined the role of the vagal and the sympathetic effectors in some of these preparations. Finally, we investigated the contribution to the reflex response of the arterial baroreceptor afferents of the carotid sinus and the aortic nerves and that of the cardiac and the pulmonary baroreceptors traveling in the vagus.
Methods
Experiments were performed on male white rabbits with a mean body weight of 2.4 kg (range 2 to 3.2 kg), which were a crossbreed between the New Zealand White and the Giant strains.
Operations.-A preliminary operation was performed under open-circuit halothane anesthesia 6-14 days before an experiment. Small inflatable latex balloons, coated with silicone rubber, were placed around the upper abdominal aorta above the celiac axis and around the inferior vena cava above the right renal vein. On the day of the experiment, the central ear artery and the right atrium were cannulated, and a tracheotomy tube was inserted using local lidocaine anesthesia (10) . Then a frontoparietal craniotomy was performed under halothane anesthesia. Shamoperated rabbits, thalamic rabbits (cerebral hemispheres and basal ganglia were removed and thalamus and hypothalamus were left intact), and pontine rabbits (infracollicular decerebration) were prepared as described previously (11) .
In some rabbits, the carotid sinus and the aortic nerves were sectioned immediately after craniotomv while the rabbits were anesthetized with halothane. In other rabbits, fine ties were loosely placed around the vagi during the operation on the neck, and an experiment was first performed with the vagi intact. The neck wound was then reopened after additional skin infiltration with lidocaine, and the vagi were cut in the midcervical region; the skin wound was closed, and the experiment was repeated half an hour later. In the rabbit, the aortic nerve is distinct from the vagus throughout its course, and the afferents from the latter include the fibers from the cardiac and the pulmonary baroreceptors and from the lung inflation receptors (8, 10) .
Cardiorespitratory Measurements.-Ear artery and right atrial pressures were measured with Statham P23D and P23AC strain gauges and recorded on a Grass Polygraph. The heart period was obtained electronically from the arterial blood pressure pulse. The rabbit breathed through a low-resistance flap valve, and respiratory minute volume was recorded by a sensitive air flowmeter connected to the air inflow tube. Arterial Po 2 , Pco 2 , and pH were measured as described previously (11) . In one experiment, the changes in aortic root blood flow during balloon inflation were measured by a pulsed logic electromagnetic flowmeter assembly (Biotronex Laboratory).
Experimental Protocol.-Experiments began 3
CircaUtion Rtturcb, Vol. XXXI, Nortmbtr 1972
CNS CONTROL OF BARORECEPTOR REFLEXES
639
hours after the operation. Variable amounts of saline were injected into the balloons producing increases in mean arterial blood pressure of 3-50 mm Hg and decreases of 2-35 mm Hg (Fig. 1) . In no experiment was the pressure reduced below 50 mm Hg. Each arterial pressure change was maintained for 30 seconds, and the balloon was then deflated. A pressure change in the opposite direction was produced using the other balloon after a rest period of 1 minute. The paired balloon inflations were made every 5 minutes, and the magnitude of the changes was randomized. The order of the balloon inflations was alternated in successive experiments. In 4 rabbits, detailed stimulus-response curves were obtained requiring 25-40 pairs of balloon inflations per animal (Fig. 2) . In 57 other rabbits, only 4-5 pairs of balloon inflations were made, and the mean stimulus-response curves were constructed from the responses of groups of 5-14 rabbits. In some of these rabbits, the experiment was repeated during administration of atropine or after vagotomy.
Construction of Stimulus-Response Curves.-Stimulus-response curves relating the heart period to the mean arterial blood pressure were derived from the detailed results obtained in an individual rabbit (Fig. 2) or from the pooled results obtained in a group of rabbits (Fig. 3) . For each pair of balloon inflations, the mean arterial blood pressure (mm Hg), the pulse pressure (mm Hg), the right atrial pressure (mm Hg), and the heart period (msec) were averaged over 10-15 seconds before inflation and during the last 5-7 seconds of the inflation (Fig. 1) . The mean arterial blood pressure and the heart period before and during each inflation were expressed as a percent of the SE HP = [SE^r 2 + (HP r /100) 2 X ABP= x standard errors for different portions of the stimulus-response curve were derived. The relationship between heart period and mean arterial blood pressure was S-shaped (Figs. 2-4). For an increase or a decrease from the resting value in mean arterial blood pressure, G was related to the logarithm of ABP (Fig. 2) . All the data for a particular stimulus-response curve could thus be adequately represented by two single (univariate) regression equations, one for aortic balloon inflation and one for inferior vena caval balloon inflation. Each had the form
where a and b are the intercept and the regression coefficient calculated by the leastsquares method, respectively. The curve was constructed by calculating G from each equation for various values of ABP within the range of the observations. For aortic balloon inflation, the mean heart period, corresponding to a mean arterial blood pressure of (100 + ABP)% of the resting value, was given by HP = (100 + GABP) % of the resting value. For each inferior vena caval balloon inflation, HP = (100 -GABP) % of the resting value for any mean arterial blood pressure value of (100 -ABP)% of the resting value. After the stimulus-response curve expressed in percent units of the resting value preceding each pair of inflations was derived, it was converted into absolute units by using as the 100% scaling factor the mean of all the resting values contributing to the equation, i.e., the mean of all the results from a detailed study in an individual rabbit (Fig. 2) or the mean of all the results from a group of rabbits (Fig. 3) . The standard error of the heart period (SE HP ) corresponding to a particular value of ABP was 
where G is the gain, and AHP and ABP are the percent differences in heart period and blood pressure, respectively, before and during each inflation.
The stimulus-response curve was first calculated in percent units by expressing the changes in heart period and mean arterial blood pressure as percents of the mean of the resting values, HP r and BP r , immediately preceding each pair of balloon inflations as described above. Thus, each pair of aortic and inferior vena caval balloon inflations was related to a common resting value, and fluctuations in this resting value were subsequently taken into account when the CircuUtum Ruurcb, Vol. XXXI, Novtmbt 1972 Where HP r is the mean resting heart period (msec), SE~jff r is the standard error of HP r derived, as appropriate, from the sums of squares between rabbits, the sums of squares within rabbits, or the pooled sums of squares for the whole group (see below). SE 0 is the standard error of G for the particular value of ABP (ref.
12, pp 134-171).
Two sources of variation determined the mean stimulus-response curve of a particular group of rabbits. First, there were the differences within animals: differences in the magnitude of the pressure stimuli with each balloon inflation resulted in graded differences in the heart-period response (Fig. 2) , and factors such as random fluctuations in responsiveness and experimental errors contributed to the deviations about the regression line. Second, there were systematic differences in responses of the various rabbits in a group. To assess the contribution of variations between rabbits in a group, each rabbit was represented by the mean values of G and of logABP for all the observations for that animal. A regression equation based on the variation between rabbits could then be constructed from these values, provided that there was a sufficient number of rabbits in the group and that the values of G and of logABP for the various rabbits spanned a reasonable range. We, therefore, partitioned the sums of the squares and the crossproducts of the pooled data for G and logABP into between and within animal components by analysis of covariance (ref. 12, pp 381^46) and derived Eq. 2 for each component as well as for the pooled data. In addition, the sums of the squares of HP r were also partitioned into between and within animal components for calculating SE HP (Eq. 3) for each type of regression equation.
For each group of rabbits, we also derived two multiple regression equations, one for aortic and one for inferior vena caval balloon inflation. These were G = a + hJogABP + boBP r + b H ARAP + b 4 APP.
(4) where b lt b 2 , b R , and b 4 are the partial regression coefficients, BP r is the absolute mean resting arterial blood pressure (mm Hg) for each pair of balloon inflations, ARAP is the change in right atrial pressure (mm Hg) during each balloon inflation, and APP is the change in pulse pressure (mm Hg) during each balloon inflation. The pooled sums of the squares and the crossproducts were again partitioned into between and within animal components, and multiple regression equations were derived for each of these components and for the pooled data (12) .
Stimulus-response curves obtained by fitting these regression functions to the data were in close agreement with the curves obtained after grouping the arterial blood pressure values (ABP) into three to four intervals above and below the resting value, determining the heart period (AHP) for each interval, and then converting the mean percent differences into absolute units as before (Figs. 2 and 3 ). The advantages of using the regression equations for curve fitting instead of grouping the data were that the standard error of the stimulus-response curve parameters (see following section ) could be conveniently calculated by standard statistical methods and that the role of factors such as BP r , ARAP, and APP in the reflex response could be readily examined by multiple regression.
Stimulus-Response Curve Parameters.-Three parameters were calculated: the pressure-dependent heart period range (HPR, msec), the median blood pressure (BP S Q, mm Hg), and the average gain (G, msec/mm Hg).
HPR was calculated as the mean plateau value once the upper saturation pressure had been reached minus the mean plateau value below threshold pressure. Its standard error was determined using the regression equations for aortic (A) and inferior vena caval (JVC) balloon inflation. Thus
where the values in parenthesis are values of SE HP calculated in accordance with Eq. 3 for each type of balloon inflation. The values of SE 0 , and SE Olpn used to determine SE HPl and SE HPjvn were taken at the values of ABP,, and ABP lyo near the beginning of the heart-period plateau at upper saturation and at threshold pressure, respectively.
BP M was the estimated blood pressure at half HPR. The heart period, obtained from the two regression equations, was expressed as a fraction of HPR, and the probit of this value was plotted against the mean arterial blood pressure. The relationship between the heart-period probit and the mean arterial blood pressure was approximately linear, suggesting that, as a reasonable first approximation, the stimulus-response curve could be described as a normal Gaussian distribution function (13) . The probit regression line was determined, and BP M was estimated at a probit of 5.0 (13). The standard error of BP 5n was calculated as SD/(N) o t s , where SD is the reciprocal of the regression coefficient of the probit regression line (13) and N = n A + n, vc + rv = the number of aortic, caval, and paired resting measurements. Drugs.-Atropine was given at an initial dose of 1 mg/kg, iv, and followed by a continuous infusion of 0.1 mg/kg min-1 , iv. This dose blocks the effects on heart rate of electrically stimulating the peripheral vagus in anesthetized rabbits (14) .
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Results
DETERMINANTS OF NORMAL STIMULUS-RESPONSE CURVE
With each balloon inflation, the mean arterial blood pressure, the pulse pressure, and the right atrial pressure all changed in the same direction, rising above their resting values when the aortic balloon was inflated and falling when the caval balloon was inflated (Fig. 1) . The relationship between the changes in pulse pressure and mean arterial blood pressure was similar in shamoperated, thalamic, and pontine preparations. In each group, a unit change in blood pressure within animals was associated with a greater change in pulse pressure during caval balloon inflation than it was during aortic balloon inflation. With caval balloon inflation, the pulse pressure fell, on the average, 5.0 ±1. generated by the two balloons was thus nonlinear. However, it was monotonic, and, in a given rabbit, both the mean arterial blood pressure and the pulse pressure rose from a minimum during caval balloon inflation to a maximum during aortic balloon inflation. The right atrial pressure also changed from minimum to maximum values.
The stimulus-response curves relating mean arterial blood pressure to heart period were similar whether they were derived from data for an individual rabbit or from the average response of a group of rabbits (Figs. 2 and 3) . With caval balloon inflation, the heart period fell to its minimum of about 200 msec at a threshold pressure of approximately 80 mm Hg. With aortic balloon inflation, it rose to its upper saturation level of approximately 300 msec at a mean arterial blood pressure of about 115 mm Hg. The present study was limited to the analysis of steady-state conditions during 30 seconds of balloon inflation, and we did not examine the fast components of the response. Steady-state conditions were reached in 15-20 seconds in all groups (Fig. 1) . During 30 seconds of balloon inflation, the rabbits sat quietly in their box and appeared to be in no distress despite the considerable hemodynamic effects resulting from balloon inflation. In the single experiment where cardiac output was measured, maximum caval balloon inflation reduced cardiac output to 50% of the resting value (accounting for the large effect on pulse pressure), and maximum aortic balloon inflation reduced it to about 80% of the resting value. In a few experiments where the inflation period was prolonged, the rabbits became restless after 45-60 seconds.
There were only small differences between the stimulus-response curves derived from the regression equations for the pooled data and those derived from the equations within animals ( Fig. 3A and C) . The points of the stimulus-response curve from the between animal equations were similar to those of the other two curves, but the residual-error mean square was significantly larger (P<0.01), suggesting that there were systematic differences in heartperiod responses for a given mean arterial 6 blood pressure change between different rabbits of a particular group but that these differences were randomly distributed in the population. From the multiple regression analysis, it appeared that some of the systematic differences between rabbits were due to differences in absolute mean resting arterial blood pressure and also to some differences in right atrial pressure changes during balloon inflation. 1 The multiple regression analysis indicated that the change in mean arterial blood pressure (ABP) was the chief determinant of the stimulus-response curve but that changes in pulse pressure (APP) and in right atrial iDetails of the regression equations for the data in Figure 3 may be obtained from the authors. pressure (ARAP) exerted significant additional effects (Fig. 3D) . However, in every group the mean stimulus-response curves derived from the single (univariate) and the multiple regression functions were closely similar ( Fig.  3A and C) , suggesting that in the single regression function ABP served as an index of the complex pressure function generated by balloon inflation, probably because of its interrelationship with APP and ARAP.
When comparing two groups of rabbits with some differences in their mean values of APP and ARAP, we used the multiple regression equations from the pooled data to adjust the constants of the relationship between G and logABP by substituting in the equations for aortic and caval balloon inflation common values of APP and ARAP within the Relationship between mean arterial blood pressure (mm Hg) and heart period (msec) range of observations of each group. In this way, the heart-period response of the two groups was then compared over the same mean arterial blood pressure range at the same mean values of APP and ARAP.
RESPONSES OF SHAM-OPERATED, THALAMIC, AND PONTINE RABBITS
The resting mean arterial blood pressures or the heart periods, or both, differed in the three preparations (Table 1) . In pontine rabbits, the resting heart period was significantly higher than it was in sham-operated rabbits (P<0.005), but thalamic rabbits had lower resting pressures than did the sham-operated rabbits (P < 0.001). The stimulus-response curves of pontine and thalamic rabbits were displaced to the left of the curve for the shamoperated group (Fig. 4) . The distribution function in pontine and sham-operated rabbits was more symmetrical than that in thalamic Circ*Ution Ru,»nh, Vol. XXXI, Nwtmitr 1972 rabbits, which had a longer tail towards the upper saturation pressure. However, in all groups the deviations from linearity in the relationship between the probit of heartperiod response and the mean arterial blood pressure were not great and have been neglected in the calculation of the curve parameters (13) .
The stimulus-response curves of pontine and sham-operated rabbits were nearly parallel, and the former had higher heart periods for a given blood pressure at all pressure levels even beyond the saturation limits. The median blood pressure (BP R0 ) was significantly higher in sham-operated rabbits than it was in pontine rabbits ( P < 0.005), but the pressure-dependent range of the heart period (HPR) and the average gain ( 5 ) did not differ significantly between the two groups (Table 1) . 
Stimulus-response curves showing relationship between mean arterial blood pressure (mm Hg) and heart period (msec) derived from data from 14 shamoperated, 10 thalamic, and 14 pontine rabbits. The curves were adjusted using multiple regression equations, to common values of -{-1.3ARAP and -\-3.7APP mm Hg during aortic balloon inflation and of -13ARAP and -10.0&PP mm Hg during caval balloon inflation.
The curve for the thalamic group was more widely dispersed, and its threshold was lower and its upper saturation pressure higher than they were in the other two groups. Its BPâ nd HPR did not differ significantly from corresponding parameters in sham-operated rabbits (Table 1) , but HPR was 28% higher than in pontine rabbits (P<0.01). G was
KORNER, SHAW, WEST, OLIVER
significantly lower than it was in the other two groups (P < 0.025). Because of the skewness of the thalamic curve, the gain was particularly low during a rise in pressure above the resting value (P dlf( from other groups < 0.001) but differed little from the value in the other groups during pressure reduction with the caval balloon (Fig. 4) .
The differences in stimulus-response curves were unrelated to differences in respiratory responses. The resting respiratory minute volumes were 1.29 ± 0.15 liters/min in shamoperated rabbits, 1.67 ±0.11 liters/min in thalamic rabbits, and 1.28 ± 0.19 liters/min in pontine rabbits as described previously (11), and the resting arterial Po 2 , Pco 2 , and pH composition were identical with those of the previous report. In each preparation, there was a small statistically significant reduction in respiratory minute volume which averaged 0.1 liter/min (P<0.01) regardless of whether the arterial blood pressure rose or fell (Fig.  1) . The changes in respiratory rate were variable and were mostly not statistically significant.
EFFECT OF ATROPINE
Stimulus-response curves •were obtained in sham-operated and pontine rabbits before and after the administration of atropine (Fig. 5 , Table 2 ). We have assumed that the drug blocks vagal effects but that, at the dose used, it has negligible effects on the cardiac sympathetic effector response (15) . Before administration of atropine, the stimulus-response curves of sham-operated and pontine rabbits were nearly parallel ( Table  2 ). In sham-operated rabbits treated with atropine, the minimum heart period evoked by caval balloon inflation was the same as it was before the drug was administered. BP^n did not change significantly, but HPR fell to 55 ± 5.3% of its value before treatment, and G was also significantly reduced. In pontine rabbits treated with atropine, the minimum heart period was considerably lower than it was before administration of atropine. HPR fell to 58 ± 6.0% of its value before treatment, and BP B0 and G were also reduced.
TABU 1
Rating Values and Parameters of Stimulus-Response Curves in Sham-Operaied, Thalamic, and Pontine Rabbits
Thus after atropine, HPR and the minimum and maximum heart-period values were all CircmUtitm Keittrch, Vol. XXXI, Noptmitr 1972 similar in both preparations (Fig. 5, Table 2 ). BP 5 o was 13.8 ± 2.8 mm Hg higher in shamoperated rabbits treated with atropine than it was in pontine rabbits treated with the drug, a difference significantly greater than that between preparations before the drug was administered (P<0.025). Though G fell in both preparations after atropine administration, it was nearly twice as high in treated pontine rabbits as it was in treated shamoperated rabbits (P < 0.05).
The results with atropine suggest that the difference in heart-period values at a given pressure observed between the preparations before drug administration was due to greater vagal efferent activity in the normal pontine rabbit. This enhanced vagal effect was pressure-independent, since it was approximately constant at all levels of arterial blood pressure.
Comparison of the HPR values before and after atropine administration indicated that the pressure-dependent vagal and sympathetic effector components acting on HPR did not differ significantly in the two preparations (Table 2) . We assessed the relationship between mean arterial blood pressure and vagal and sympathetic heart-period effects from the differences in the stimulus-response curves before and after atropine administration (Fig. 5) . This assessment required the assumption that, at a given arterial blood pressure, cardiac sympathetic effects remained unchanged before and after the drug was administered (16) . In normal sham-operated rabbits, vagal and sympathetic effects at BP 50 or at resting blood pressure were each approximately 50% of their pressure-dependent maximum. By contrast, in normal pontine rabbits, each effector exerted only about 20% of its pressure-dependent maximum at BP m or at resting arterial blood pressure (see Discussion).
AFFERENT MECHANISMS
Section of Carotid Sinus and Aortic Nerves.
-After section of these nerves in shamoperated rabbits, the resting mean arterial blood pressure was higher (mean 118 ± 2.1 mm Hg) and the heart period lower (208 ± 3.6 msec) than they were in normal shamoperated rabbits, in agreement with previous findings (10) . The resting heart period was close to the pressure-dependent minimum of sham-operated rabbits. Section of the afferent nerves from the arterial baroreceptors virtually abolished the heart-period response during balloon inflation (Fig. 6) . The difference in heart period between the extreme arterial blood pressure limits examined (145 to 75 mm Hg) was only 7 msec, and this difference was not altered by administration of atropine. The above difference was not statistically significant when SEdiff was estimated from the pooled results but was significant in relation to SE d |ff within rabbits (P=0.02). The small residual response was thus of sympathetic origin. In two pontine rabbits, the heart-period response was also almost completely abolished after carotid sinus and aortic nerve section.
Vagotomy.-Stimulus-response curves were obtained in sham-operated and pontine rabbits before and after vagotomy (Fig. 7 , Table   2 ). The vagotomized rabbits were subsequently given atropine, which was without further effect on the curves (Fig. 7) . In shamoperated rabbits, the BP$ 0 after vagotomy rose 11 ±2.8 mm Hg from the value before treatment, but, in the pontine rabbits, the increase of 3.4 ± 1.1 mm Hg was significantly smaller (P<0.02). After vagotomy, HPR fell to 33 ± 3.2% of its value before treatment in sham-operated rabbits, and this decrease was Stimulus-response curves from data in six sham-operated and seven pontine rabbits, obtained before and after vagotomy. After cagotomy, two experiments were performed in each rabbit, first without any drug and then after atropine administration.
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more marked than the reduction to 45 ± 4.7$ of its value before treatment in the vagotomized pontine rabbits (P = 0.05). G was lowered in both preparations as a result of vagotomy but was more than two times higher in vagotomized pontine rabbits than it was in vagotomized sham-operated rabbits.
To assess the role of vagal afferents, we examined the differences between the effects of vagotomy and the effects of atropine administration alone in the two groups of sham-operated and pontine rabbits (Figs. 5 and 7, Table 2 ). The effects on BP 60 ascribable to vagal afferents were similar in sham-operated and pontine rabbits, and the difference in this parameter between vagotomized rabbits and those given atropine alone was 9 ± 3.3 mm Hg in sham-operated rabbits compared with 7 ± 1.5 mm Hg in pontine rabbits. Furthermore, the difference of 15.8 ± 2.3 mm Hg between the BP M of vagotomized sham-operated rabbits and that of vagotomized pontine rabbits was similar to the difference of 13.8 ± 2.8 mm Hg between these preparations after administration of atropine alone. In both preparations, the reduction in HPR was greater after vagotomy than it was after atropine administration alone, but the difference was significant only in sham-operated rabbits (F<0.01). In each preparation, the reduction in G from the value before treatment was similar after vagotomy and after administration of atropine alone.
The resting respiration of vagotomized rabbits was slower and deeper than that before vagotomy in both preparations. After vagotomy, the rabbits maintained a normal arterial blood composition: Po 2 was 91 ± 1.0 mm Hg, Pco 2 25 ± 2.0 mm Hg, and pH 7.45 ± 0.02.
Discussion NORMAL HEART-PERIOD RESPONSE
In the intact unanesthetized rabbit, the arterial baroreceptors are of paramount importance in the reflex heart-period response during balloon inflation. Section of the carotid sinus and the aortic nerves abolishes the vagal effector component of the reflex entirely and greatly attenuates the sympathetic component The changes in mean arterial blood pressure and pulse pressure are both important determinants of the reflex response (16) (17) (18) . Vagal afferents also play a role in the response but only in the presence of normally functioning arterial baroreceptors. In the rabbit, the afferent projections from the vagus and the arterial baroreceptors probably converge onto common cardiac autonomic motoneurons, as has been found in the cat (19, 20) . We do not know which intrathoracic receptors contribute to the reflex, but the right atrial pressure changes probably reflect changes in other cardiac chambers and in the pulmonary circulation. In the sham-operated rabbit, the effects mediated through vagal afferents during balloon inflation normally decrease BP 50 and increase the pressure-dependent HPR. The latter effect is probably mediated in part through a suprabulbar projection, since vagotomy affects the sympathetic HPR more in sham-operated rabbits than it does in pontine rabbits. We have not studied the function of vagal afferents on the vagal effector component of the reflex response.
Another afferent input is from the lung inflation receptors, and this input falls secondarily during the reduction in respiratory minute volume mediated through arterial (21) and possibly other baroreceptors (22) and tends to increase the heart period at any given pressure (11) . There is probably little excitation of arterial chemoreeeptors. Tachypnea and hyperventilation do not occur, and the chemoreeeptors in the rabbit have a greater autoregulatory capacity during hypotension and are thus less liable to excitation than are those of other species (23, 24) .
The stimulus-response curve of the unanesthetized rabbit has a narrower pressure difference between threshold and upper saturation limits, and die gain of its heart-period response is higher than that found in previous investigations of arterial baroreceptor-heart rate reflexes in anesthetized rabbits and dogs (25) (26) (27) (28) 6 4 9 probably contributing to the enhanced reflex response in the unanesthetized rabbit include absence of anesthesia, stimulation of all arterial baroreceptor regions by pulsatile pressure, and stimulation of other intrathoracic receptors.
HIGHER NEURAL CONTROL OF BARORECEPTOR REFLEXES
The importance of the higher autonomic centers in the reflex autonomic effector output can be inferred from the differences between stimulus-response curves of sham-operated, thalamic, and pontine animals. The arterial blood pressure and right atrial pressure stimuli and the changes in respiration were similar in all preparations, and we have found previously that neural ablation resulted in relatively little nonspecific damage in the rabbit to many cardiovascular, respiratory, and somatic motor functions (11, 29) . The various preparations differ in regards to BP M and G of their stimulusresponse curves, but HPR of sham-operated rabbits differs, on the average, by only 10-15X from that of thalamic and pontine rabbits. Most cardiac autonomic motoneurons receiving baroreceptor projections are thus probably located in the pontomedullary or the spinal circulatory centers, or in both, and the higher centers have an interneuronal modulatory action on their activity.
One important function of the suprabulbar centers is to cause the vagal and the sympathetic effector outputs to respond over similar ranges of arterial blood pressure. These pathways have been interrupted in the pontine rabbit, and sympathetic effects can be elicited at lower arterial blood pressure and at higher gain than they can in sham-operated rabbits. However, the pressure ranges for eliciting vagal effects are the same in both groups. This finding suggests that in the normal rabbit suprabulbar influences increase threshold and lower gain of those pontine or spinal, or both, cardiac sympathetic motoneurons which receive baroreceptor projections.
The dissimilarity of pressure ranges over OrotUtion Rtst.rcb, Vol. XXXI, November 1972 which the autonomic effectors are activated in sham-operated and pontine rabbits produces a difference in the pattern of heart period control (Fig. 7) . In sham-operated rabbits, the heart period is altered even during large arterial blood pressure changes through reciprocal and nearly equal alterations in vagal and sympathetic effects. On the other hand, in pontine preparations, a fall or a rise in arterial blood pressure involves predominantly changes in one effector output with only small reciprocal alterations in the other effector. Thus during a large reduction in arterial blood pressure the heart period in the pontine rabbit falls mainly owing to increased sympathetic activity, but during a large increase in pressure it rises chiefly due to increased vagal activity. Only with small pressure changes are the reciprocal vagal and sympathetic effects nearly equal. It is not clear what activates the suprabulbar centers responsible for the differences in cardiac sympathetic control patterns between sham-operated and pontine rabbits. Their effects on bulbar and spinal motoneurons are either tonic, or alternatively, are determined by changes in the afferent input profile during balloon stimulation. Since vagal afferent influences do not account for the different autonomic response patterns of sham-operated and pontine rabbits, any afferent activity activating the higher centers would probably arise from the arterial baroreceptors (2, 8) . There is at present no evidence that the mechanism of heart-period control of sham-operated rabbits has any advantages over that of pontine rabbits.
The findings in the unanesthetized pontine rabbit are similar to the results obtained by Glick and Braunwald (30) in anesthetized dogs with an intact nervous system. They studied a steady-state relationship between arterial blood pressure and heart period similar to that of the present experiments, but their findings differ from those in shamoperated rabbits. A species difference has probably been excluded by the work of Robinson et al. (31) and of Thames and Kontos (32), whose results in conscious man and in the unanesthetized dog are similar to our findings in sham-operated rabbits. These investigations suggest that in the experiments of dick and Braunwald anesthesia may have depressed some of the suprabulbar centers which normally increase threshold and lower gain of bulbar sympathetic motoneurons. The findings of Scher and Young (33) in the dog of a relative enhancement of baroreceptormediated sympathetic effects on heart period by anesthesia is also consistent with the above interpretation of the results of Glide and Braunwald (30) . Thames and Kontos (32) also studied the role of anesthesia on the heart-period response but did not observe any specific effect due to this factor. However, in dogs with high resting heart rates, some of which were anesthetized, they did observe reflex patterns similar to those in unanesthetized pontine rabbits or to those in the anesthetized dogs of the study of Glick and Braunwald. It thus seems likely that anesthesia can alter baroreceptor reflex-heart period responses at least on some occasions.
The reflex cardiac autonomic effects are influenced by centers in the cerebral hemispheres as well as by the diencephalic centers, as shown by the differences between stimulusresponse curves of sham-operated and thalamic rabbits. These results suggest that forebrain mechanisms enhance the gain of the heartperiod response at blood pressures above the resting level. To account for the differences in gains between thalamic rabbits on one hand and sham-operated and pontine rabbits on the other, we can postulate that in the intact rabbit forebrain mechanisms have a disinhibitory effect on a diencephalic-bulbar pathway that normally inhibits the heart-period response during rises in arterial blood pressure. The relationships between the level of arterial blood pressure and the response range of vagal and sympathetic effectors have not been analyzed in the thalamic rabbit. However, the skewness of the stimulus-response curve and the greater range of pressures over which the heart-period response is elicited are consistent with the view that in thalamic rabbits activation of autonomic effectors may occur over dissimilar ranges of arterial blood pressure.
The resting heart period of pontine animals has long been known to be higher than that of sham-operated animals due to greater vagal effects (29, 34, 35) . The present study has shown that this difference remains approximately constant at all levels of arterial blood pressure. The high heart period of pontine animals thus results from interruption of a suprabulbar pathway, which in the intact animal tonically inhibits vagal motoneurons not receiving baroreceptor projections.
The suprabulbar circulatory centers thus influence both pressure-dependent and pressure-independent components of the cardiac autonomic effector output. In the unanesthetized rabbit, the transection procedures altered certain properties of baroreceptor-heart rate reflexes such as BP M and G but had relatively little effect on pressure-dependent HPR, i.e., total effector output. This finding differs from that in studies on anesthetized cats by Kent et al. (6) , who observed considerable reduction after decerebration in the blood pressure response range in their open-loop analysis of carotid sinus-blood pressure reflexes, and by Hilton and Spyer (2), who observed depression of blood pressure and heart-period response ranges after hypothalamic lesions were produced. It seems that under anesthesia there is a greater effect on total autonomic effector output following interruption of central pathways and that the difference emphasizes the importance of using unanesthetized preparations in the analysis of neural cardiovascular control.
